Conversion of plane waves to surface waves prior to detection allows key advantages in changes to the architecture of the detector pixels in a focal plane array. We have integrated subwavelength patterned metal nanoantennas with various detector materials to incorporate these advantages: midwave infrared indium gallium arsenide antimonide detectors and longwave infrared graphene detectors.
INTRODUCTION
Here we demonstrate some of our detector work using a new architecture for midwave and longwave infrared detectors. We use a subwavelength patterned metal layer that we refer to as a "nanoantenna". The layer acts under the conventional definition of an antenna: converting one form of electromagnetic radiation into another. In this case incoming plane waves are converted to bound surface waves. We place an active detector material where we excite these surface waves. As the evanescent fields are confined to a relatively small volume, we only need to place the active material in this small volume. This fundamentally changes the geometry that is commonly used for detectors in focal plane arrays. The basic architecture of a focal plane array using a nanoantenna top surface is illustrated as four pixels in Figure 1 .
A thinner active layer has two primary advantages over its thicker traditional counterpart: dark current reduction and crosstalk reduction. These will be discussed in greater detail in the following section. The change in the field to a concentrated bound form also allows new detector material systems to be considered. Two-dimensional materials such as graphene have been studied extensively recently. While they have some interesting detector properties, they are inefficient as detectors: the two-dimensional that gives them interesting properties also means they are too thin to effectively absorb an incoming plane wave. Low single digit percent absorptions in these materials would mean detectors with abysmal external quantum efficiencies.
The nanoantenna concept could allow these materials to absorb a sufficient amount of incoming radiation to make them potential candidates for midwave and longwave infrared detectors. Placement of an absorbing graphene or other twodimensional material in the high-field region of a nanoantenna-based detector architecture would increase absorption by well over an order of magnitude.
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The advantages are not limited to new material sets. We have built detectors using indium arsenide antimonide. This material is used in thicker layers to make infrared detectors. Likewise, mercury cadmium telluride detectors could also be made using this architecture. Figure 1 . Illustration of four detector pixels. The patterned metal layer converts incoming light to a surface wave in the gray active layer. Below this active layer contacts using bump bonds are used. Inset at upper left shows a sample nanoantenna pattern. Inset at upper right shows a simulation of the fields in the region of the nanoantenna.
NANOANTENNA-BASED ARCHITECTURE
Nanoantennas offer a method to improve infrared detector performance using existing infrared detector materials and through careful design, can usher in new infrared detector materials that are not currently feasible detector materials. In past efforts, we and others have designed [1] [2] and fabricated [3] detectors using metallic top surfaces. Our effort is an extension of our prior design, fabrication, and characterization of perfect absorbers [4] .
Our architecture uses an active layer (red layer in Figure 2 ) that is much thinner (10X or less) than that of a traditional focal plane array pixel. A large component of the dark current (diffusion current) is generated proportionally to the volume of the active layer, and this architecture has the potential to reduce the dark current by >10X if other dark current mechanisms can be suppressed while thinning the absorber. This improves the signal to noise ratio (SNR) due to a lower noise contribution from the dark current. In addition, the integration time is limited to the amount of time it takes to saturate the detector from dark current. Less dark current means the sensor can integrate longer which increases the signal collected and boosts the SNR. Alternatively, if the detector has significantly less dark current, it could be operated at a higher temperature. Wavelength (µm) 4 .25
The reduction in thickness has the added benefit of crosstalk reduction. Significantly thinner layers of material clearly have the advantage of less potential for photons to lead to carriers collected in adjacent pixels. By reducing thickness by over an order of magnitude, the crosstalk decreases by one to two orders of magnitude in simulation. We can therefore look at smaller pixels, and the corresponding increase in resolution, over thick pixel architectures by using these structures.
INDIUM ARSENIDE ANTIMONIDE DETECTOR
Indium arsenide antimonide offers an alternative to mercury cadmium telluride for infrared detectors with the potential for a lower dark current. While the nanoantenna detector architecture is agnostic to the detector material, we use the InAsSb material due to its future potential and compatibility with our cleanroom processes. This material may be used in a traditional detector architecture with a relatively thick absorber layer on the order of microns. Here we use it with an active layer much less than 1 micron. Other barrier layers are required around the active layer. The top layer is a patterned gold nanoantenna and the bottom layer of the device is an aluminum/copper back contact.
Simulation of the absorption of the device is performed using rigorous coupled wave analysis. The structure as modeled is shown in Figure 3 . Two periods of the nanoantenna are shown in each lateral dimension. In the optical modeling of the absorption using this method the periodicity is infinite in both lateral dimensions. Simulation results of the above structure are shown in Figure 4 . The absorption peak is designed to be at 3.5μm. Note that full absorption occurs at this wavelength without the need for an antireflection coating on the structure, as the nanoantenna acts to impedance match freespace to the surface wave. The nanoantenna pattern may be readily changed from pixel to pixel in a focal plane array to look at different spectral bands. The pattern may also be changed to have a broader or narrower absorption bandwidth. Here we will illustrate only the "square loop" design of Figure 3 . The peak absorption occurs for this design at 3.5μm. If we look at the field plots at this center wavelength we can see the conversion of the incoming normally incident plane wave to a surface wave under the nanoantenna in Figure 5 . Dimensions in this plot are consistent with those of Figure 3 . The x 3 dimension of the cut is 0.35μm, or under the center of one of the gold squares surrounded by the open loop. The field plot shows the concentration of the field in a region directly under the metal. This demonstrates the need to minimize barrier layer heights above the active layer so that the active layer is able to fully interact with the high field region.
Characterization of this device demonstrated dark current equivalent to commercially available HgCdTe detectors at 160K, but with relatively low external quantum efficiency at the design wavelength. We believe with additional optimization of the field in the structure that the dark current and the external quantum efficiency can both be improved from this early result.
TWO-DIMENSIONAL MATERIAL DETECTOR
Graphene, bilayer graphene (BLG), and other 2D materials have been considered for infrared detectors due to their mobility of carriers, inherent thinness, and a unique band structure that allows for very broadband detection via the creation of a bandgap commensurate with these wavelengths [5] . While the thinness of the material is one of its desirable qualities, it is also the primary liability when making a detector. The absorption of a plane wave through the two atomic layers that comprise BLG is only 4.6%. Clearly this value is unacceptable for a viable detector even if 100% of those absorbed photons could be converted into measured charge carriers. It is for this type of application that the nanoantenna does not merely improve performance, but makes a new device type possible.
Graphene may be on a silicon substrate, or on a silicon carbide substrate, as seen generically in Figure 6 . A similar design process to the indium arsenide antimonide nanoantenna pattern is used for these devices. In the graphene device case, understanding the physics of the graphene layer and the interaction of the surface wave with this layer was the primary goal. As such, the nanoantenna pattern was a simple one-dimensional grating design. Duty cycle and period were optimized to maximize light interaction of one polarization with the graphene layer. This could then be compared to the response of the other polarization that is not converted into a surface wave, and thus does not interact with the graphene layer.
To exploit BLG's novel band structure for detection, a somewhat more complicated dual-gated FET architecture is required. In this arrangement, the dual-gate allows for real-time control of the BLG's bandgap by application of an electric field. For our test devices, bilayer graphene is grown directly on a silicon carbide substrate (SiC) by thermal decomposition. Patterning of the metal features on the graphene layer is performed using standard lithographic steps. Although the features are relatively large (0.5μm and above) we used an e-beam lithography process as the overall sample size was small. Metal was then evaporated and lifted off. Deposition of dielectric layers such as silicon dioxide or silicon nitride similarly is performed using industry standard processes. A bottom gate is formed by implanting a deep conductive channel into the SiC using ion implantation. To increase collection efficiency, geometries of the source and drain electrodes, as well as the tog-gate electrode, are chosen to allow these features to act as a nanoantenna, while retaining their electrical functionality. Figure 6 . Schematic of test structure for graphene-based devices. Dielectric layer is silicon dioxide.
As in the case of the InAsSb detector, we can plot the electromagnetic fields and optimize the field strength and location through design of the patterned metal layer. Ideally field will be highly concentrated in the very thin bilayer graphene layer. This concentration is evident in Figure 7 where the field is concentrated in the BLG layer under one patterned metal surface and adjacent to the patterned metal used as a BLG contact. Fabrication of these devices to test the ability to tailor the electromagnetic field location to maximize absorption in the BLG is on-going. 
CONCLUSIONS
Conversion of plane waves to surface waves prior to detection allows key advantages in changes to the architecture of the detector pixels in a focal plane array. We have integrated subwavelength patterned metal nanoantennas with various detector materials to incorporate these advantages: midwave infrared indium gallium arsenide antimonide detectors and longwave infrared graphene detectors.
Nanoantennas offer a means to make infrared detectors much thinner by converting incoming plane waves to more tightly bound and concentrated surface waves. Thinner architectures reduce both dark current and crosstalk for improved performance. For graphene detectors, which are only one or two atomic layers thick, such field concentration is a necessity for usable device performance, as single pass plane wave absorption is insufficient. Using indium arsenide antimonide detector material, we reduced thickness by over an order of magnitude compared to traditional devices using the same active material.
The processing steps even when using the same detector material as with a traditional design are necessarily different. These fabrication processes will need to be optimized prior to this class of detector becoming a commercial product. We are confident that the advantages that the thinned structures provide for reduction of both dark current and crosstalk are sufficient incentives for the continuation of this effort.
